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“
FPOREWORD
This fatigue sensor evaluation laboratory test program was conducted
by the Cessna Aircraft Company of Wichita, Kansas under Air Force Contract Ko.
FP33657-71-C~0163. The contract was initiated under project A-37B (335A)
"A~37B Final Fatigue Program’, and Task No. PO0O003. This report has been
prepared as a part of Task P00026.
4
The work was supervised and directed by Robert W. Walker, Croup
! Leader. This report was adapted from Cessna Report 318E-7319-047," Fatigue
4 Sensor Evaluation Program - Laboratory Test Report, ' by John Y. Kaufman,

Design Engineer, and it was prepared for publication by Sue Bardsley, Technical
Aid. This project was initiated by Aeronautical Systems Division, Wright-
Patterson Afir Force Base, Ohio, and was administered under the co-ordination

of Richard C. Culpepper (ASD/SD27MS) Aircraft Structural Integrity Program

d Manager, A-37B.

Based on the encouraging results of the initial Cessna fatigue
sensor program, Cessna Report 318E-7219-029), "Program for Evaluation of
Annealed Foil Patigue Sensors”, this program was initiated to provide a broad
data base upon which to evaluate the response of the Micro Measurements' M
seri»s Fatigue Sensor. An extensive test program was conducted in order to
establish reliable response rates for cyclic loading and temperature
variation. The data analysis was conducted on a '"no data scatter " basis.
That is, for each piece of data which varied from the "norm", a positive or
at least a probable cause was established for that deviation. Subsequent
use has confirmed the validity of the response rates established.

This report covers work conducted from January, 1973 until October,
1974. 1t was submitted by the author in April, 1975. The contractors report
number is 318E-7319-047.

Publication of this report does not constitute Air Force approval
of the reports' findings or conclusions. It is published only for the exchange
and stimulation of ideas.

JAMES R. STANLEY
/2 Colonel, USAF .
* System Program Director
Fighter/Attack SPO

Deputy for Systems
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SUMMARY

The Fatigue Sensor Fvaluation Laboratory Tegt Repo.t was prepared
per requirements of the A-37B Patigue Sensor Evaluatfion Program and under
the authorization of Contract F33657-~71-C-01673.

A series of thirty-three laboratory component tests were conducted
to develop bhasic performance data for the Micro-Measurements FM fatigue
sensor. Six types of tests were performed to define PM sensor response
to strafin cycles and ambient temperature varfations. Both strain cycles
and amhient temperatures were patterned after operational afrcraft usage
(A-378).

FM multiplier performance was evaluated in terms of effective strain
amplification and strain compensation. Four sfizes of multipliers were
tested (2.C, 2.5, 3.0, 3.5); multiplier sizes are typical of those used for
afrcraft structure,

Test data have indficated the fatigue sensor to have repeatable and
predictable response to strain cycles. The FM fatigue sensor has demon-
strated acceptable reliability, accuracy and longevity in this test series.
Laboratcry component tests have provided necessary baseline data for develop-
ment of fatigue sensor application to aircraft structural fleet monitoring.

Conclusions:

1. Fatigue sensor response to a wide variety of afrcraft loads/
environment i{s known and can be predicted.

2. Test findings indicate the PM multiplier 1is capable of consistent
and reliable strain cycle amplification.

3. The strain gage element of the PM fatigue sensor not only makes
the sensor self compensating with respect to residual applied
loads but also gives effective temperature compensation.
4, The current PM fatigue sensor/multiplier has two basic limitations:

a) Limited operatfonal temperature range (-20° to +130°F) .

b) PFailure rate is high (15%).

xiv

-~ LN
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SUMMARY (CONTINUED)

Recommendations:

1‘

Develop the required methodology for quantitative data treatment of
fatigue sensor response using basic performance data derived from
foregoing and current fatigue sensor programs.

a) Investigate a direct relation of sensor response to fatigue
damage using stress-endurance (S-N) data relationship.

b) Investigate an indirect relation of sensor response to fatigue
damage using Reference 7 exceedance curve method.

Extend FM fatigue sensor operation over a broad temperature range
compatible with aircraft operations.

xv




SECTION I

INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

The strain gage is a wire or foil grid which is bonded to the structure
under investigation. It responds to strain in the structure by a reversible
change in electrical resistance of the grid. The fatigue sensor is similar
in appearance but uses an annealed constantan grid. In additon to the above
reaction, the fatigue sensor reacts to strain cycles by an irreversible
resistance change due to work hardening of the grid. The FM fatigue sensor?
(see FPigure 1), investigated by this program, incorporates a strain amplifier6
and a strain gage which is wired into the measuring bridge so as to cancel
reversible resistance change due to variations in strain and temperature.

Thus the cumulative AR® of the sensor is an indication of the strain
history of the parent structure and may be used as a fatigue monitoring device.
This program established a data base and investigated performance character-
istics of the FM fatigue sensor as an aid to this purpose.

The laboratory test effort was based on collection of data from six types
of tests and thirty-three specimens designed to provide basic performance data
for the Micro-Measurements FM fatigue sensor. Response of the FM fatigue
sensor to constant amplitude strain cycles, mean strain variation, spectrum
loads and ambient temperature variation was developed by analyzing test data.
The performance of the FM multiplier was evaluated in terms of reliability,
repeatability and stability for aircraft loads and environment.

2 m Fatigue Sensor - Denotes Micro-Measurements fatigue life gage (trade
name) installed on PM strain amplifier (see Reference 2).

b FM Sensor Multiplier - Trade name for mechanical strain amplifier
manufactured by Micro-Measurements as an integral part of the FM fatigue
sensor.

CAR - pesistance change in ohms.




The evaluation of basic fatigue sensor performance parameters was
conducted in terms of aircraft structural fatigue monitoring applications.
Aircraft operational structure loads and environment similar to the A-37B
type aircraft formed the basis of test parameters for these laboratory
test series.

The purpose of this report is to present the findings and results of the
A-37B Fatigue Sensor Evaluation Laboratory Test Program. This work was
conducted per requirements of Reference 1 and under the authorization of
Contract F33657-71-C-0163, Contract Change Number P0003.

This report is organized into ten sections and six appendixes.
Section I contains the introduction and background and Section II describes
six types of tests conducted. Sections III thru VI develop fatigue sensor
response to strain cycles, mean strain, spectrum loads and temperature on
an individual basis using test data. Section VII discusses performance of
the FM multiplier while Section VIII presents a test evaluation of the
compressive cycle eliminator. Sections IX and X present the program summary
and results, and conclusions and recommendations respectively. Appendix A
documents the prediction method for fatigue sensor response and Appendix B
presents fatigue sensor installation procedures. Calibration of the readout
indicator for fatigue sensor data collection is documented by Appendix C.
Appendix D presents an example of the least squares curve fit of raw
strain cycle test data. Appendix E presents adjusted AR mean strain data at
15 cyclic levels in table form. Appendix F presents a sample of raw test
data collected and basic calculated parameters for the laboratory test series
(data for specimen #6).

All test methods and operations are presented by this report. Test
data analysis methods are discussed. Fatigue sensor response to test
parameters are discussed on an individual basis.

Reference 1. - "Patigue Sensor Evaluation Program', Work Statement, Cessna
Report 318E-6918-213, Addendum H, Revision J, 2 June 1972,




e

1.2 BACKGROUND

The A-37 Aircraft Structural Integrity Program (ASIP) has served as a
vehicle to evaluate commercially available fatigue sensors for application
to aircraft structural fleet monitoring. An initial program (reference 3 )
was conducted during 1971-1972 using A-37B laboratory tests and sixteen
operational aircraft to evaluate fatigzue sensor performance; the following
resulted from that program:

a) A potential fatigue sensor application to aircraft
structural monitoring is indicated.

b) The Micro-Measurements FM sensor has the best performance
for this application compared to other types tested.

c) A comprehensive laboratory test program is needed to develop
basic FM fatigue sensor performance data for aircraft type
loading and enviromment.

d) Additional fatigue sensor field data is necessary to evaluate
reliability and longevity.

These recommendations were contracted by the on-going Reference 1
program of which the subject laboratory test program is a part.

A review of program data has continued to show the potential of fatigue
sensor application to aircraft monitoring. Results of the Reference 1
program are designed to verify this potential with an emphasis on application
to monitoring A-37 type aircraft. Program technical =2ffort and concept
evaluation has been under the direction of ASD and AFFDL of Wright-Patterson
Air Force Base, Ohio.

Reference 3. - "Program for Evaluation of Annealed Foil Fatigue Sensors",
FPinal Report, Ceessna Report 318E-7219-029, 30 June 1972.

-
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SECTION 1I

TEST DESCRifTION

2.1 CONSTANT AMPLITUDE TESTS
200 Introduction

Twenty-four specimens with six Micro-Measurements FM fatigue
sensors each were cycled under constant amplitude loads (see Table 1 ).
Each specimen was identical in configuration, but cycled with a different
constant amplitude load level (23 alternating and mean strain combinations
vere used, one test was rerun/duplicated). Fatigue sensor, strain gage,
and temperature data were collected at selected intervals to produce
required sensor response data.

208052 Test Specimens

Each constant amplitude specimen was fabricated from an
extruded "I" beam section of 2024-T 3511 aluminum (19 inches long).
This section, except for material, was a standard CM3504-1 extrusion
(Cessna Standard for Extrusion Die No. AND 10140-1402) with a cross
sectional area of 0.594 square inches (see Figure 2). A pair of
tapered load distribution blocks were bonded and bolted to each end of
the spscimen using Hysol EA-9309 adhesive and sixteen NAS 464-3-25 bolts.
The specimen load blocks were match drilled to attach end fixtures to
mate with the MTS® loading machine (Figure 11). The test specimen was
designed to provide an area of constant strain distribution for fatigue
‘gensor instrumentation and to have ample strength for maximum test loads.

2.1.3 Instrumentation

Each specimen was instrumented with three Micro-Measurements

FM fatigue sensors centered on the outer face of each flange. _Each
fatigue sensor was flanked by a pair of Micro-Measurements CEA~ series
strain gages (CEA-13-125UW-120) to determine the specimen strain at

each fatigue sensor location. In addition, two Micro-Measurements TGC
temperature sensors (ETG-50DP) were mounted on the "front" face of the
specimen. The location and identification of all instrumentation are
shown in Figures 3 and 4 and in photographs, Figures 5 and 6.

8MTs - A trade name for Materials Testing System Model No. 483.01.

bMicro—Measurenents CEA - General purpose strain gage with constantan
grid, polyimide backing and direct leadwire attachment.

®Micro-Measurements TG - Bondable resistance thermometer gage fabricated
from high purity nickel foil.
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TABLE 1

LABORATORY TEST SUMMARY

Test Ref.
No. Test Type Descr;ption1 Section

1 Constant Amplitude 500 Alt, O Mean 20818
2 ‘ +750 Alt, O Mean 24 plt
3 +1000 Alt, 0 Mean 20
4 +1250 Alt, O Mean 21918
5 +1500 Alt, O Mean 2.1
6 +500 Alt, +1000 Mean 2.5
7 +750 Alt, +1000 Mean 20!
8 +1000 Alt, +1000 Mean 291!
9 +1250 Alt, +1000 Mean 2.1
10 1500 Alt, +1000 Mean 2.1
11 500 Alt, -1000 Mean 2.1
12 +750 Alt, -1000 Mean 2.1
13 1000 Alt, -1000 Mean 2.1
14 +500 Alt, -500 Mean 2.1
15 +750 Alt, -500 Mean o4l
16 +1000 Alt, -500 Mean 200018
17 +1250 Alt, -500 Mean 2.1
18 +1500 Alt, -500 Mean 21t
19 +500 Alt, +500 Mean 2.1
20 +750 Alt, +500 Mean 2.1
21 # 1000 Alt, +500 Mean 20
22 +1250 Alt, +500 Mean 2Pl
23 Constant Amplitude 1500 Alt, +500 Mean 2.1
24  Spectrum Load Random Order #1 2.4
25 Spectrum Load Random Order #2 2.4
26 Ambient Temp Cycle 7 Cycles, -67°F to 125°F 2.3
27 Cyclic Temp +1000 Alt, Ambient Temp 2.2
28 Cyclic Temp +1000 Alt, +150°F Temp )
29 Cyclic Temp +1000 Alt, —-60°F Temp 2.2
30 Cyclic Temp +1000 Alt, O°F Temp 2.2
31 Temp Induced Cycle +150 to -50°F, Alum Specimen 2.5
32 Temp Induced Cycle +150 to -50°F, Steel Specimen 2.5
33 Constant Amplitude Rerun of Test 1 2.1

1Load levels indicated are in units of microstrain
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TEMPERATURE SENSOR

IDENTIFICATION NUMBERS|

Micro-Measurement TG
temperature sensors
will be used for all
specimens with the
exception of specimen
numbers 24 and 25 which
will replace one TG
sensor with a thermo-
couple.

(::) Strain Gage
ZZES Fatigue Sensor

TEMPERATURE
SENSOR

| RGMBER |  SENSOR TYPE
U FM221-02. 5L

| o FM221-02.5L

| x FM221-02.5. |

| FM211-02.00 |
5M FM221-03.0L
6L FM311-03.5L

7L, 8L | FDA-02

Installed only on specimen number 26
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The fatigue sensors were mounted on the gpecimen with Micro-
Measurements M-16° adhesive using the procedure outlined by Appendix E
and the strain gages and temperature senenrs were mounted with Fastman
910 adhesfve., Figure 7 shows a completed specimen in the oven used
to heat cure the M=16 adhesgive (two hours at 140°FP)., The leads from
all gages were connected to solder tab terminal gtrips (Figure 5),
which were attached to the interconnecting cables leading to the data
collection switch box.

200114 Data Collection System

The interconnecting cables from the test specimen were
actached to the data collection panel shown in Figures 8 thru 10.
The s{gnal from the panel was read out on two Vishay Model P-350¢ strain
indicators. The data collection panel wag a Cessna built item which
contained a switch position for each fatigue sensor, strain gage, and
temperature sengor, It also contained a zero reference (Micro~Measurement
$~100~05 precision 100 ohm resistor) for the infitial zero adjustment of
each strain indicator. In addition, another switch selected the composite
sengor (half bridge readout), the fatigue sensor element, or the strain
gage element of the six FM fatigue sensors, as well as switching in
the required dummy resistor used in reading the individual sensor
elements (quarter bridge readout).

The two Vishay strain indicators were fitted with lead wires
and pluge to permit plugging them into the appropriate receptacles on
the face of the panel., For the resistance readings taken in ohms, the
gage factor setting on the Vishay P-350 was adjusted to 9.82 to produce
a direct reading of the deviation from the zero reference with 0.001 ohm
resclution, See Appgndix C for indicator calibration. For all readings
taken in microstrain’, the gage factor was adjusted to manufacturer's
specifications for each gage (approximately 2.00).

The data collection panel was designed to minimize the data
collection effort and data errors by minimizing gage factor changes and
switching operations. Also, the panel protected the zero reference and
switch components of the data collection system.

e

dM1cro~Measurements M-16 - Special flexibilized two component epoxy
adhesive formulated specifically for bonding the FM series multiplier,

evighay Model P~35C - Indicator employing resistance bridge circuit
used to read resistance change of fatigue gensors for all laboratory
tests,

fMicrostrain (or pye) - Strain with units of inches per inch X 106.

11
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2aliaS) Test Loads

A series of twenty-four specimens was cycled at mean strain
levels of 0, *500, and *1000 microstrain. At each mean strain level
a specimen was cycled at 500, 750, 1000, 1250, and 1500 microstrain
alternating strain except that the 1250 and 1500 microstrain load levels
were eliminated for the -1000 mean strain level. 1In addition, specimen
#33 was run as a repeat of specimen #1 due to defective fatigue sensors
used on specimen #1. Test loads were applied by a MTS cyclic test
machine (Figure 10).

The loads applied to each of the test specimens are outlined
in Table 2 . The applied load (1bs) in each case was adjusted to
give target strain values (ue) for the particular specimen being tested.
This adjustment was made during the initial static load cycle for each
specimen using the average reading of specimen strain gages to set
target strain. Due to slight variations in specimens, the applied
loads were varied slightly to give the same target strain on individual
specimens (e.g. specimen #3 required 6360 1bs to produce 1000 uec while
specimen #18 required 6400 1bs). Test specimen alternating strain
operated within approximately 3% of target along the test section for
all constant amplitude tests.

2.1.6 Test Data Collected

Two types of test data were collected:

a) Sensor response data (resistance change of composite
sensor and individual elements).

b) Load response data (performance of strain multipliers
and load compensation under load).
2,1.6.1 Sensor Response Data
These data were collected at approximate logrithmic
intervals as indicated by Table §5 , and other such intervals as were

judged appropriate due to test scheduling, sensor response, etc. The
following conditions existed for each reading:

Specimen Load - Zero
Temperature - Ambient
Fatigue Sens>r Indicator G.F. - 9.82 (Readout = olms)

Temperature Indicator G.F. — 2.00 (Readout = degrees F)

16




" TABLE 2 CONSTANT AMPLITUDE TEST LOADS
Alt. Mean Max. Min.
Spec. Strain Strain Load Load Cycles
No. (ue) (ue) (1bs)  (1bs) Applied Comments
i 1 500 0 +3190 -3190 1,000,000 2 defective sensors
2 %750 0 +4790 -4790 560,000
' 3 $1000 0 +6360 -6360 300,000
: 4 $1250 0 +7960 -7960 40,000
5 *1500 0 +9470 -9470 30,000
6 3500 +1000 +9470 +3190 1,000,000
[ 7 *750 +1000 +11050 +1570 1,000,000
8 *+1000 +1000 +12720 0 1,000,000
9 *1250 +1000 +14324  -1600 200,000
’ 10 #1500 41000 +15860 ~3190 75,000 Poor sensor bond
11 1500 -1000 -3190 -9635 1,000,000
12 *750 ~1000 ~-1620 -11340 750,000
13 1000 ~1000 0 -12980 250,000
14 1500 ~500 0 -6440 1,000,000
15 1750 =500 +1600 -8000 1,000,000
3 16 1000 ~500 +3170 -9600 400,000
17 41250 ~500 +4860 -11360 200,000
18 +1500 500 +6400 -13050 50,000
19 500 +500 +6290 (¢] 500,000 Specimen overloaded,
failed
20 750 +500 +7940 -1600 1,000,000
21 +1000 +500 +9470 -3200 400,000
" 22 1250 +500 +11034  -4850 80,000
¢ 23 +£1500 +500 +12768 -6442 65,000
: 33 +500 0 +3127 -3179 1,000,000 Rerun of specimen
: #1
!
S
17

. —73:..?




i PR o e W el Bad® SRy A

Wl

data.

The following data were collected at each reading:

1. Composit sensor resistance (ohms)
(half bridge with compensating strain aage)

2. Resistance of fatigue sensor element (ohms).

3. Resistance of strain gage element (ohms).

4. Specimen temperature

5. Ambient temperature

6. Supporting data such as:

a)
b)
c)
d)

e)

Reading number

Number of applied cycles
Date/time

Test personnel

Any other factors which might affect the test data.

Table 3 is the data form which was used for sensor response
Appendix F presents a sample of the raw sensor response test data
collected for specimen #6 (Table F-1).

18




TABLE 3  SAMPLE DATA COLLECTION FORM
SENSOR RESPONSE DATA

SENSOR RESPONSE DATA COLLECTION FORM
SPECIMEN NO. READ NO. READING BY CHECKED BY COMMENTS
DATE ACCUM. TEST INDICATOR G.F.
CYCLES S/N SETTING
TIME

ROOM TEMP - THERMOMETEA SPECTMEN TEMP - SENSOR #1]] SPECIMEN TEMP - SENSOR #2

SENSOR AULT. COZ;S:;gE STRAIN GAGE| FATIGUE - "
IDENT. SETTING (OHMS)
== —:a

1-v 2.5
2-M 2.5
3-L 2.5
4-U 2.0
5-M 3.0
6-L 3.5

19




2.1.6.2 Load Response Data

At

selected intervals, also approximately logrithmic, data

were collected from specimen instrumentation during the application of

a static load

cycle. This data collection schedule is shown by Table 5.

Data were also taken at other such intervals as were judged necessary.
Data were taken at the following points in the load cycle:

The following

Zero load

Maximum load (maximum tension or minimum compression)
Mean load

Minimum load

Zero load

conditions existed for each reading:

Specimen load - Five points of load cycle

Temperature - Ambient

Indicator G.F. - 9.82 (readout = olms)

Indicator G.F. - 2.08 for individual sensor elements

(readout = microstrain of amplified strain)

Indicator G.F. - 2.105 for specimen

strain gages (readout = microstrain)

Indicator G.F. -~ 2.00 for TG temperature sensors

(readout = degrees F)

The following data were taken at each load point:

1.

2.

Evs

Composite sensor resistance (half bridge with
compensating strain gage - readout = ohms).

Strain indicated for fatigue sensor element (readout =
microstrain).

Strain indicated for the compensating strain gage
element (readout = microstrain).

Specimen strain at each fatigue sensor location
(readout = microstrain).

Specimen temperature

Ambient temperature

20
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7. Supporting data such as:
a) Reading number
b) Number of applied cycles
c) Applied load
d) Date/time
e) Test personnel
f) Any other pertinent facts.
Table 4 1is the form used for the collection of these data.

Appendix F presents a sample of the raw load response data collected for
specimen #6 (Table F.3).

2.1.7 Data Collection Schedule

Both sensor response and load response data were collected in
accordance with the schedule shown in Table 5, In addition, readings
were taken at other such intervals as were judged desirable by test
personnel.

2.1.8 Test Operation

Prior to the installation of instrumentation on specimen #1,
a photoelastic strain survey was conducted to determie the strain
distribution across the faces oi the test specimen. A photoelastic coat-
ing was applied over the gage area on each face, and a series of calibration
loads covering the full range of test loads was applied. The photoelastic
readings taken insured that the distribution of strain across the gage area
was acceptable. Figure 11 shows the setup used for this survey.

For each test specimen of the constant amplitude series, an
identical test procedure was used. Following the installation of the end
fixtures (see Figure 11), a "bench zero" set of readings was taken on
the twelve specimen strain gages. The specimen was then mounted in the
MIS test machine (Figure 10). This machine was a Materials Testing
System Model No. 483.01. The installation of the specimen in the machine
is shown in Figure 12 thru 15. An initial static load cycle was then

21




TABLE 4  SAMPLE DATA COLLECTION FORM
LOAD RESPONSE DATA

LOAD RESPOMSE DATA COLLZCTION FORM
SPECIMEN IACCUHULATED DATE READ BY | ROOM TEMP | TEMPERATURE|TEMPERATURL
NO. CYCLES SENSOR #1 | SENSOR #2
l TIME
:- —
|PPLIED ' FATIGUE SENSOR DATA STRAIN GAGE DATA
0AD 1o | COMPOSITE | FAT. SENSOR STRAIN GAGH ng. | INDICATED | yo | INDICATED
| (L8s) (OHMS) fue) (ue) (ue) (ue)
[ U 1V 120
M 21M 22M
{ @ 3L 31L 31L
4y 41y a2u
5M 51M 52M
6L 61L 62L
U 11U 12y
M 21M 2m
L 31L 32
*3190 4y 41y a2y
5M 51M 52M
rz-~.Jr .
L 61L 62L
22
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Figure 11

Photoelastic Test Of Specimen #1
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Figure 12

Specimen In MTS Machine
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Figure 14

Specimen Mounting

27

Figure 15

Specimen In MTS
Machine Close-Up



applied to establish the actual test loads which would produce the target
strains for that particular specimen. This was done by applying a target
load and reading the four specimen strain gages at the mid-section of the
specimen (21M, 22M, 51M, 52M). The load was then adjusted such that the
average strain on these gages was the target strain. This procedure was
followed for the maximum, mean, and minimum strain levels. The initial
Zero sensor response and load response readings were taken during this ioad
cycle. Cycling was then started using the established test loads, and
required readings were taken in accordance with the schedule of Table S.
Testing was continued for each specimen until all fatigue sensors had
failed or had reached a resistance change (Delta R) of 8 ohms, or a

total of 1,000,000 cycles had been applied. Computer programs were
developed to permit rapid reduction and examination of test data and a
"running plot" of Delta R (AR) versus applied cycles was kept for each
sensor during the test cperation.

As a check of the dynamic load stability of the test machine/
test specimen, oscillograph records were taken early in the program.
These were taken with the test specimen cycling at 2 cps, 5 cps and 10 cps;
the oscillograph was attached to the specimen instrumentation to record
both specimen (unamplified) strain gages and fatigue sensor (amplified)
strain gage elements. No discrepancy in loading was detected and
alternating strains were consistent with those measured during static
load cycles.

An investigation was conducted concerning the possibility of

cyclic strain heating of the fatigue sensor elements. One fatigue sensor
was altered by opening up the encapsulation material and inserting a
small thermocouple next to the sensor elements. A second fatigue sensor
was fabricated by Micro-Measurements which had a temperature sensor
mounted within rhe sensor encapsulation next to the sensor elements.
Neither of these special sensors showed any significant heating due to
cyclic loads. However, to exclude the possibility of any detrimental

| effects, the cyclic rate schedule of Table 6 was followed for specimens
#6 and on.

2.1.9 Anomalies

Early production runs of the FM sensors (Lot No. 153 and downm)
were fabricated using a single layer of encapsulating material and did
not incorporate attached wire leads. All sensors with the 2.5 multiplier
on specimens #1 and #2 were from Lot No. 137 and were of this type. These
sensors were characterized by premature failure. For this reason, all
sensors purchased prior to Lot No. 154 were returned to Micro-Measurements
for their investigation and specimen #33 was run as a repeat of specimen #1.

28




TABLE 6 CYCLE APPLICATION RATE SCHEDULE

Cycle Rate Schedule (CPS)

Accumulsted Cycles
Alternating [@3
Strain 0-1000 1000-10004 10000- 100000~
100000 1000000
4500 1 5 7 10
+750 1 3 5 7
+1000 1 2 5 5
+1250 1 2 5 5
+1500 1 2 3 5

ZiSA.20 minute stabilization period was required after cycling
was stopped before collecting load cycle data. (This was not
required for fatigue sensor data readings.)

29




The test data from specimen #10 indicated some irregularities
in sensor multiplier performance. Examination of the specimen at the
completion of testing revealed that a poor bond existed between the specimen
and some of the sensors. Additional care was exercised in the installation
of instrumentation on the remainder of the specimens, and no further
difficulties of this type were encountered.

In several instances (specimens #1, #17, #33), curvature of
the specimen produced a noticeable strain gradient along the test section.
However, these variations from specimen target strain did not affect the
analyzed data because the data from each sensor was compared with the
¢ strain established by the two strain gages adjacent to each sensor.

Specimen #19 testing was discontinued after 500,000 cycles;
an accidental short in the MTIS machine servo feedback circuit caused an
overload of the specimen. This resulted in damage to the installed gages
and failure of the test specimen as shown by Figure 16.

Aside from the instances noted by this paragraph, the testing
and collection of data went smoothly and according to the test plan.

2.2 CYCLIC TEMPERATURE TESTS
2.2 Introduction

Four specimens (#27, #28, #29, #30) were cycled at four
different ambient temperatures with the same constant amplitude load
applied. The specimens were instrumented with four fatigue sensors, four
strain gages, and two temperature sensors. The specimens were cycled in

an environment chamber to produce the required ambient temperature levels
(+150°, 80°, 0, -60°F).

2022 Test Specimen

The cyclic temperature test specimen was a 2024-T4 aluminum
coupon "dog bone" designed for tension strain only (Figure 17). The
specimen was fourteen inches long and the center section was machined to
produce a cross sectional arca of 0.10 square inches. A one-inch diameter
mounting hole was drilled in each end of the specimen.

2.2.3 Instrumentation

Each specimen was instrumented with one FM221-02.5L fatigue
sensor on each side (centered). These gensors were flanked by a pair
of Micro-Measurements CEA series strain gages (CEA-13-125UW-120) to
determine the specimen strain at each fatigue sensor location.
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In addition, an FDA-02 fatigue sensor 8 (unamplified) was installed 1.125
inches from the center of the FM fatigue sensor (on each side). Two
Micro-Measurements TG temperature sensors (ETG-50DP) were mounted
opposite the FDA sensors. Figures 18 and 19 show the location and
identification of all instrumentation on the cyclic temperature test
specimen.

The adhesives and procedures used to install the instrumentation
are the same as those described for the constant amplitude test specimens
(see 2.1.3).

2.2.4 Data Collection System

The data collection system is gimilar to that described for
the constant amplitude tests; however, a small switch box and precision
resistor "zero" block were used in lieu of the data collection panel
(see 2.1.4). The data readout components are illustrated in Figure 2L
Lead wires from the test specimen were routed through the environment
chamber wall for hook-up to the switch box and strain indicator.

22145 Test Loads

All specimens were cycled with an alternating strain of
#1000 pe and a nominal mean strain of +1000 pe (strain peaks = 0, 2000 pe).
Since both the specimen and loading setup were designed for temnsion only,
a "dead band" resulted when a minimum load of zero was used. Consequently,
an "offset" of 50 pe tension was used after 30,000 cycles on specimen #27
and for the other three specimens.

Applied test loads (lbs) were adjusted to produce target strain
on the test specimen. All test load adjustments were made at room
temperature (80°F) prior to applying the test ambient temperature.

The loading mechanism was designed and fabricated by Cessna. A
hydraulic cylinder was mounted outside of the temperature chamber (Figure2])
and connected via a tension link to the loading frame mounted inside
the temperature chamber (Figure 20). The hydraulic/servo system used
to drive the test was supplied by the Fatigue Master test system used for
the A-37 full-scale fatigue tests (Reference 4). Test loads were controlled
by a closed loop electro-hydraulic servo system.

g Micro-Measurements FDA Sensor - Similar to FM sensor without the multiplier
assembly (see Reference 2).

Reference 4. - "A-37B Fatigue Test Control Loading and Data Acquisition
System', Cessna Report 318B-6902-121, 25 July 1969.
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SPECIMEN NO.
PT318-2103

FDA-02 SENSOR (Unamplified)

(3T ) SHOWN
(4T ) OPPOSITE

FM221-02.5L SENSOR

(1T) SHOWN
(2T) OPPOSITE

NETS Y

)| o SPECIMEN
CENTERLINE

y
STRAIN GAGE ‘\ s il

11U) SHOWN (12U) SHOWN
f41u; OPPOSITE (42u) OPPOSITE

LA~
TEMPERATURE SENSOR (TG TYPE)

(1T) SHOWN
(2T) OPPOSITE

NOTE: () INDICATES IDENTIFYING NO.

Pigure 18 Instrumentation Por Cyclic Temperature Coupon
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2.2.:6 Test Data Collected

The test data requirements outlined by paragraph 2.1.6 are
applicable to the cyclic temperature tests. The following additional
data were collected:

a) The temperature of the environment chamber was recorded
continuously.

b) The initial fatigue sensor reading and load cycle response

data (zero cycles) were collected at both room temperature
and the cyclic ambient temperature.

2057 Data Collection Schedule

Both sensor response and load response data were collected in
accordance with the schedule shown in Table 5. In addition, readings
were taken at other such intervals as were judged desirable by test
personnel.

2.2.8 Test Operation

The test loading frame, which was built for this particular
test series, was installed in the environment chamber as shown by
Figures 20 and 21. The load frame was designed to extend through
the test chamber wall to allow the hydraulic cylinder and servo feedback
load cell (Figure 21 ) to operate at room temperature. The environment
chamber used was a Tenney Model No. 64STR-100350.

Cyclic temperature test specimens were mounted in the load
frame using one-inch close tolerance pins. Initial zero reading data
were collected and an initial static load cycle was then applied to
establish the test loads required to produce target strains for that
particular specimen (room temperature). The environment chamber was
adjusted to the required ambient temperature and the specimen was
allowed to stabilize before a second set of zero reading data was
collected. Test cycling was then started using the established test
loads and required data readings were taken in accordance with the
schedule of Table 5. The specimen temperature was maintained for
the duration of cycling ($2°F).

A deterioration of multiplier performance was noted at both
hot and cold temperature extremes during this test series. To determine
the point at which the multiplier began to deteriorate, .two tests were
conducted upon completion of scheduled cycling (100,000 cycles):
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a) Mot multiplier test (specimen #29) - a static load cycle
was applied at 80°, 93°, 106°, 132°, and 150°F with data
collected per 2.1.6.2.

b) Cold multiplier test (specimen #30) - a static load cycle
was applied at 1°, -15°, -31°, -48°, and -61°F with data
collected per 2.1.6.2,

2.2.9 Anomalies

The performance of the FM multiplier was found to deteriorate
at low temperatures. As originally planned, this test series included
three temperature levels (150°, 80°, -60°F). However, due to poor
performance of the multiplier during the -60°F test, an additional test
was added at 0°F, Normal multiplier performance was demonstrated for
0°F operation.

e 3) AMBTENT TEMPERATURE CYCLE TEST
2.3 Introduction

Specimen #26 was subjected to an ambient temperature cycle
at 1.0 ohm increments of sensor life. The specimen was cycled using
contant amplitude loading to produce resistance change increments of
1.0 ohm. 7The specimen was placed in an environment chamber and subjected
to a temperature cycle of -65° to “125°F; sensor response data were
collected at eleven points in the temperature cycle.

2:93.2 Test Specimen

The test specimen was identical to the constant amplitude
specimens described by paragraph 2.1.2,

2.3.3 Instrumentation

The test specimen was instrumented with the same configuration
as the constant amplitude specimens (see 2.1.3). In addition, two FDA-02
fatigue sensors (unampliffied) were added to the web of the test specimen
as noted by Figure 4, Figure 22 shows the FDA fatigue sensor installed
on the test specimen.
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' 2.3.4 Data Collection System

The data collection system described for the constant
amplitude tests (see 2.1.4) was used for the ambient temperature cycle
test. Lead wires from the specimen were routed through the wall of the
environment chamber to the data collection panel (Figure 23).

2B s) Test Loads and Temperature Cycles

A constant amplitude load cycle of *1000 pe (zero mean strain)
was applied to produce 1.0 ohm increments of resistance change on the
2.5 multiplier fatigue sensors. Cycling was accomplished by the MTS test
machine used for constant amplitude tests (Figure 10).

The temperature cycles applied to the specimen are shown by
Figure 24. The initial cycle (used ;Pr first three cycles) was
modified due to high temperature creep problems with the FM multiplier
assembly (see section 7.7). The final cycle reversed the initial cycle
by applying the cold temperatures first and the peak hot temperature was
reduced from 150° to 125°F.

The rate of temperature change for temperature cycle appli-
cation was limited to 20°F/min.

2.3.6 Test Data Collected

Two types of data were collected:

a) Temperature cycle response (resistance change of composite
sensor and individual elements due to temperature).

b) Load response (performance of strain multipliers and load
compensation under load).

2.3.6.1 Temperature Cycle Response Data

Temperature cycles were applied at approximately 1.0 ohm
increments of sensor life (for 2.5 multipliers) as indicated by Table
8. Temperature cycle response data were collected at selected points
in the temperature cycle (Figure 24 ). The following stability criteria
were met at each temperature level before data were collected:

tHigh Temperature Creep ~ Relaxation or slippage of multiplier assembly
at high temperature.

4
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LEAD WIRE EXIT TEMPERATURE CHAMBER
o FROM SPECIMEN

THEPMOCOUPLE FATIGUE SENSOR
READOUT READOUT
Figure 23 Data Collection Setup For Ambient Temp Test
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Ambient
Room
{approx. 75°F)

40°F

Initial temperature
cycle used for
cycles #1 thru #3

128°F

Ambient room

(approx 75°F) Ambient

60°F

Final temperature cycle used

-40°F, for cycles #4 thru #10

-65°F

Figure 24 Temperature Cycles And Data Collection
Points For Specimen #26
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a) Specimen temperature was *2°F of target temperature.

b) Resistance of all strain gage/fatigue sensor elements
was stable within 0.003 ohms for 10 minutes.

The following data were collected at each reading:

1. Composite sensor resistance (ohms)
(half bridge with compensating strain gage)

2. Resistance of fatigue sensor element (ohms).
3. Resistance of strain gage element (ohms).
4. Specimen temperature
5. Chamber temperature
6. Supporting data such as:
a) Reading number
b) Number of applied cycles
c¢) Date/time of reading
d) Test personnel
e) Any other faccors which might affect the test data.
Table 7 1is the data form which was uscd for temperature cycle
response data.
2.3.6.2 Load Response Data
Load response data were collected with the same format as

outlined by 2.1.6.2.

2.3.7 Data Collection Schedule

Test data were collected per the schedule shown in Table 8.
Static load cycle data were collected before and after temperature cycles.
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TABLE 7  SAMPLE DATA COLLECTION FORM TEMPERATURE CYCLE DATA

! TEMPERATURE RESPONSE DATA COLLECTION FORM
ACCUMULATED NOMINAL | DATE READ BY | CHECK BY | AMBIENT |GAGE FACTOR
‘ CYCLES | SENSOR R TEMP.
: TINE
FATIGUE SENSOR D,
i INDICATED CF SENSOR BATA
TEMPERATURE [SENSORCOMPOSITE| Fs oNLY | sG onLY [sEnsor] composITH Fs onLy | s onLY
IDENT.| (OHMS) | (oHMS) | ~(oHMs)|TDENT.| (oHMs) | (owMs) |  (oHMS)
1 CHAMBER = | 1U au
; T.S. #1= | oM 5M
T.s. #2= | 3L 6L
TIME = L 8L
CHAMBER = | 1U m,
T.Ss. #1= | oM 5M
T.S. #2= | a 6L
TIME = 7L 8L
4
5
i >
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TABLE 8 AMBIENT TEMPERATURE CYCLE
DATA COLLECTION SCHEDULE

Data Required
Read Sensor Applied Static Temp. Static
No. Resistance Cycles Load Cycle Cycle** | Load Cycle
] Change* Pre-Temp Post-Temp
Zero 0 0 X X X
1 1.019 675 X X X
2 2.012 | 2060 X X X
3 2.971 4700 X X X
4 3.926 9400 X X X
5 4.863 17650 X X X
i 6 5.823 33300 X X X

*  Average response of 2.5 multiplier sensors (approximate one ohm
.increments).

** Two temperature cycles were applied at zero ohms and three cycles were
applied at one ohm in process of developing a modified temperature
cycle (see discussion 2.3.5 and 2.3.8). A total of ten temperature
cycles were applied to specimen #26.

od
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2,3.8 Test Operation

The test specimen was installed in the MIS machine (Figure
10) to collect static load cycle data and to load cycle the fatigue
sensors. This was accomplished per the schedule of Table 8. The test
specimen was cycled until the average resistance change of the 2.5 multiplier/
fatigue sensors had reached target 1.0 ohm increments.

When the fatigue sensors reached target resistance changes
(AR), the test specimen was removed from the MTS machine and placed in
the environment chamber. Figures 25 thru 27 show the test specimen
positioned in the chamber prior to temperature cycle application. The
environment chamber used for this test is the same as that used for the
cyclic temperature test (see 2.2.8).

The temperature cycles were applied per Figure 24 ; the
specimen was allowed to stabilize at each temperature level prior to
collecting fatigue sensor response data.

A modification of the temperature cycle was made after three
cycles had been applied; high temperature creep of the FM multiplier
assembly caused a discontinuity in data. The temperature cycle was
modified to apply the cold half of the cycle first and the peak hot
temperature was reduced from 150° to 125°F (see Figure 24 ),

2.4 SPECTRUM LOADED TESTS
24150 Introduction

Specimens #24 and #25 were cycled under spectrum loads. Each
specimen was subjected to the identical load cycles but the order of
application was scrambled using a series of 10 high level and 24 low
level "flights'". Fatigue sensor, strain gage, and temperature data
were collected at selected intervals to produce required sensor response
data.

2.4.2 Test Specimen

The test specimen was identical to that of constant amplitude
test series (see 2.1.2).
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2.4.3 Instrumentation

Spectrum loaded specimens were instrumented with the same
configuration as described for constant amplitude tests (see 2.1.3
and Figures 3 thru 6).

2.4.4 Data Collection System

The data collection system was identical to that of the
constant amplitude tests (see 2.1.4).

2.4.5 Test lLoads

Two load spectrums for specimens #24 and #25 were developed
using typical A-37 strain cycles recorded by mechanical strain gages at
England AFB (Reference 5 ). Strain cycles were grouped into two sets of
cycles according to "high severity'" and "low severity' usage. Table 9
lists the 29 load levels of high severity and Table 10 1ists the 14 load
levels of low severity. These load levels were applied in random order
to the two specimens with a series of 34 flights (10 high, 24 low severity).
Tables 11 and 12 1list the order of cycle application for each flight.
The flights were applied to each specimen in ascending alphabetical
order per Table 13 ., One repeatable layer of cycling consisted of the
complete application of either the high severity flights or low severity
flights with a total of 300 cycles per layer. The application of spectrum
type (high or low severity) was alternated throughout the test as defined
by Table 14,

Figure 29 shows an oscillograph trace of the high and low
severity spectrums applied to specimen #25. The initial "flight"
application is identified in each case.

2.4.6 Test Data Collected

The test data requirements outlined by paragraph 2.1.6 are
applicable to the spectrum loaded tests. However, both the data collection
schedule and load response cycle were modified for spectrum loaded specimens:

°

Reference 5. - "A-37B Aircraft Scratch Gage Field Evaluation", Cessna
Report 318E-7219-023, 15 May 1972,
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TABLE 9 LOAD LEVELS, HIGH SEVERITY

High severity flight load levels based on A-37B ground attack and

acrobatics missions.

Load Alt. Mean Max. Min.

Block Strain Strain Strain Strain App.
No. (ue) ) (pe) (upe) Cycles
H1l 2400 -400 0 -800 1
H2 2400 ~-200 +200 -600 1
H3 %400 0 +400 -400 2
H4 400 +600 +1000 +200 7
H5 2400 +800 +1200 +400 4
H6 1450 ~200 +250 ~650 1
H7 £450 0 +450 -450 1
H8 1450 +200 +650 -250 4
H9 2450 +400 +850 -50 1
H10 1450 +600 +1050 +150 6
H1ll 2450 +800 +1250 +350 1
H12 500 -400 +100 -900 1
H13 500 0 +500 -500 2
H14 1500 +200 +700 -300 1
H15 %500 +600 +1100 +100 6
H16 1500 +800 +1300 +300 1
H17 1550 +200 +750 -350 4
H18 1550 +400 +950 -150 1
H19 1550 +600 +1150 +50 1
H20 1550 +800 +1350 +250 1
H21 1550 +1000 +1550 +450 1
H22 1600 : 0 +600 -600 2
H23 3600 +200 +800 -400 2
H24 1600 +600 +1200 0 1
H25 3600 +800 +1400 +200 2
H26 1650 +200 +850 -450 2
H27 1650 +800 +1450 +150 1
H28 1700 +200 +900 -500 1
H29 1750 +800 +1550 +50 1

High Severity Flight Total Cycles =

(=3
o

Zi& Applied specimen loads were adjusted to achieve target strain

values (t5%).
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Low severity flight load levels based on A-37B navigation and formation

TABLE 10 LOAD LEVELS, LOW SEVERITY

missions.

Load Alt. Mean Max. Min.

Block Strain Strain Strain Strain App.
No. (ue) (pe) (pe) (we) B Cycles
L1l $£400 =400 0 -800 1
L2 +400 =200 +200 -600 1
L3 +400 0 +400 =400 1
L4 $+400 +200 +600 =200 1
L5 +400 +400 +800 0 2
L6 £400 4600 +1000 +200 6
L7 %450 0 +450 =450 1
L8 $450 +400 +850 ~50 1
L9 £450 +600 +1050 +150 4
L10 £500 0 +500 =500 1
L1l £500 +200 +700 =300 2
L12 £500 +600 +1100 +100 1
L13 $£550 0 +550 =550 2
L14 2600 0 +600 -600 1
Low Severity Flight Total Cycles = 25

(25 Applied specimen loads were adjusted to achieve target strain

values (%5%).
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¢ TABLE 11 LOAD APPLICATION ORDER FOR HIGH SEVERITY FLIGHTS
‘ (ALL LOAD LEVELS STARTING WITH LETTER H)

\\\\Q SPECIMEN #24 SPECIMEN #25

PLY. T
IDENT. | WA | HB [ HC | HD | HE | HF [ HG |HH | HI |HJ

— L= - o —

H10 | W10 | W2a | wia | w29 | w17 | w17 | W13 [ wis | W17
H2e | W2z | Wiz | W1 | W3 [ w11 [ w8 | Haa [ W11 | Ha2
29 [ W6 | H2s | w2s | w1 [ w7 | W13 [ W29 [ W1 | e
H20 | W23 | W18 | W16 | W21 | W21 | H21 | W11 | W2l | W2l
H27 | W18 | W1 | W2 | W15 | H2o | W23 | W12 | W4 | H14
(W2 | W1 [ W2 | wa | w10 | w8 | W26 | W7 | W20 | W25
Hi1 | W29 | 23 | w21 | w14 | wao | Hes | we3 | w1z | Wiz
W3 | wg | W7 | H22 | w17 | H29 | W19 | W21 | WT | H9
H19 | W21 | W27 | w26 | .13 [ w5 | w14 | Hae | wes | W15
17 | W13 | W6 | H6 | W5 | H18 | H2 | H9 | W16 | H19
113 | H26 | W26 | W19 | W12 | W12 | H15 | H15 | H3 | W7

M8 | M4 | MO | H20 | H9 | H16 | H6 | H1 | WIS | Hi8
H9 | W15 | W10 | H3 | W23 | H2s | WS | W19 | W5 | W13
His | 2 | H2o | W17 | w1g | W6 | H29 | H22 | H6 | W1l
M6 | We | W14 | W13 | W28 | H23 | H12 | H6 | H22 | H20
ni2 | w5 | w21 | 29 | n2s | W13 | W7 | W18 | W13 | W1 |
H26 | W12 | W19 | H24 | 120 | H2 | W20 | W14 | H29 | H3

W5 | o5 | mis | W10 | W6 | We | W1 | H16 | H23 | W2

He | W3 | W13 | H28 | H7 | H9 | H9 | W3 | W9 | 24
(Wez | W7 | W11 | W8 | W2 [ W1 | W4 | W17 | W2 | W27
H16 | W27 | w29 | w12 | w8 [ w14 | 1o | We7 | w24 | 23 |
| W21 | W17 | W17 | WIS | W6 | W3 | H22 | W2 | W19 | W5

| H18 | H16 | H4 H23 | H4 H24 | H16 | H28 | H14 | H10
H25 | H11 | H28 | H18 | H27 | H22 | H18 | H8 H25 | H28
H7

LOAD BLOCK NUMBERS PER TABLE 9

L]

H20 | K5 | H7 H26 | H25 | H24 | H10°| H8 H16

e o

| W23 | M9 | H22 | H9 | W22 | H15 | H3 | H20 | H26 | H8 |
| H14 | W28 | W3 | W27 | W19 | W27 | W11 | W25 | W17 | H4

%Hl | H14 | H8 | HS | H11 | H19 | H28 | H4 | H10 | H26
H28 | H19 | H16 | H11 | H24 | H26 | H27 | H5 | H27 | H29
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TABLE 12 LOAD APPLICATION ORDER FOR LOW SEVERITY FLIGHTS
(ALL LOAD LEVELS STARTING WITH LETTER L)

SPECIMEN #24

FLT. oo lwe | !bw e lwrjwefwlulwlwlw

—
o
m
s

L2 {t12] 13 {15 | L6 [ L13]| L14f L3 | L3 | L7 |18 | L7
Ls Jrz Jus Pesal i L o | en [z es | e L2

e —) -+

3 f w8 |uizflz j L2 |18 o tofr 2] |

b6 Jord | wis sz | s s | oslier e | uae | Las |
S o e i T R »————-—‘F—- —— g 4+ —_—
L14| L4 [ L14] L7 | L8 | L12 ﬂerz L14{ 18 | 114 L1 | L3
L8 | L3 |1 Je |19 | L10) L4 | L13| L14| LB | L6 | L5 |
| L12] L6 | L1 L1af L5 L7 |18 L5 jLuf L1 L9 | L8

17 R | S L | e Y1 s gz b Las | lLgos] L1z | LS
L9 | L5 | L6 | L4 [ L12]| 14 L6 | L4 | L7 | L13]) L11 ] L4 |
b ig 'ue e htto e |7 el sa |l wed ez | L

ittt e T oue | ps 12 ke 66 L 16 il | 1Ll
k) SO el 11 | isrell )l L] L2 | L5 | L3 k5§ iLie |
| L13] L13] L9 [ L9 T Lz { L2 | L9 | L6 | L2 | L4 | L13] L6

L10] L10f L10) L10) L13 | L14) L3 L8 L9 L2 L3 | L12

"
—— —— -

LOAD BLOCK NUMBERS PER TABLE 10

= v SPECIMEN #25
FLT.
IDENT. LM LN Lo LP LQ LR LS LT LU LV LW LX

L2 L14 | L7 L5 L1o) L13 ] L10, L8 L9 L1 L6 L1
L8 L4 L9 L8 | L14| L11) L3 L14 | L8 L8 L11§ L9

o uelae Lz Lzl e Juzla fu fual e [t !
7 f oo el o]z [ e | ie [ ui2f o] e |12 [ 13 |
bzl 2 Lz Luslu [ w2l e s | usf e | 8 | Lo
o] 8 [ w6 [l [u [ s [ 17| o] 13| 114 ]
ts | e1 | t10] 13 | us |13 | e | e |ua] 7| L12] La
13 |16 | 11 |12 | w8 | tio] i3] us] tiz] 15 | L13] Le

L13] 17 | t12) L6 | L13f L14f 16 | L6 | L11) L9 | L5 | LIl
6 | L3 | us| Liz]

g o | wi | w7 | e | L13]| L4 L61
L4 jL11] ea | La fLa [ 17 [ L9 fL2 |13 | L3 | Ll 113 |
Lief L13) 15 | L14} L11l L5 | L2 | L1 L4 | L14} L10} L7 l

j)

LOAD BLOCK NUMBER PER TABLE 10
I

i4

| L9 ] Lo |13 | Lo jLe | L2} L5 | L9 pL2 L2 | L4 | L1
e1nf s Jowf ey fe2 | e | L7 10 Ls | Liz| L7 | LS

L R 2




Y TABLE 13  FLIGHT APPLICATION ORDER FOR ONE LAYER
Specimen #24 Specimen #25
High Low High Low
Severity Severity Severity Severity

: HA LA HF LM
: HB LB HG LN
. HC LC HH Lo
HD LD HI LP

HE LE HJ LQ

LF LR

LG LS

LH LT

LI LU

LJ LV

LK LW

LL LX

1. One layer consisted of either:
a) 5 high severity flights
or b) 12 low severity flights
2, Total cycles for each layer = 300 with either:
a) 60 cycles/high severity flight

or b) 25 cycles/low severity flight
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TABLE 1% FLIGHT APPLICATION SCHEDULE
FOR SPECIMENS {24 AND #25

No. Of Type Of
Layers Applied |Accumulated] Flight
Applied Cycles Cycles (Severity)
2 600 600 High
6 1800 2400 Low
12 3600 6000 High
60 18000 24000 Low
120 36000 60000 High
600 180000 240000 Low
2533 753900 999900 High

Total Layers = 3,333
Total Cycles = 999,900

+1550 ue

& DATA COLLECTION POINTS

ZERO
LOAD

-900 pe

74

Pigure 28 Load Cycle Data Points For Spectrum Tests
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a) Data collection schedule -~ Table 15 defines the data
collection schedule for spectrum loaded specimens.

b) Load response cycle - Load response data were collected
at selected intervals using the strain cycle and data
collection points of Figure 28.
Also an oscillograph printout of the load spectrum (one
layer) was obtained for each specimen (see Figure 29 ).

2.4.7 Data Collection Schedule

Both sensor response and load response data were collected
in accordance with Table 15. In addition, readings were taken at
other such intervals as were judged desirable by test personnel.

2.4.8 Test Operation

The spectrum loaded tests were operated with the same procedure
as consuvant amplitude tests. For cyclic spectrum loading, a punched tape
drive was Fsed to set load levels. The MIS tape reader and digital block
programmer  (Figure 10 ) were used to feed the tape information to the
MIS loading system. The initial static load cycle was used to adjust
applied load levels (1bs) to produce target specimen strain (pe).

20 5) TEMPERATURE INDUCED CYCLE TEST
S50 Introduction

Two specimens (#31 and #32) were subjected to 50 temperature
cycles with no mechanical strain applied. The specimens were temperature
cycled in the environment chamber from +150°F to -50°F. Fatigue sensor
response and induced strain cycle data were collected at selected
intervals.

21312 Test Specimens

The test specimens consisted of two different metal plates with
different thermal expansion rates:

iDigital Block Programmer - System for conversion of digital tape infor-
mation into machine command signal.
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TABLE 15 DATA COLLECTION SCHEDULE

Data was collected for each spectrum loaded specimen per this schedule
until:

a) All fatigue sensors were open circuit or AR = 8 ohms

or b) Applied specimen cycles reached 999,900.

Type Data
Read Applied| Layers
No. Cycles Appl. Sensor Load
ZERO 0 0 X X
1 10 X
2 25 X
3 50 X
4 100 X X
5 150 X
6 200 X
7 300 1 X
8 450 X
9 600 2 X
10 900 3 X X
11 1200 4 X
12 1800 6 X
13 2700 9 X X
14 4200 14 X
15 6000 20 X
16 9000 30 X X
17 13500 45 X
| 18 19500 65 X
19 24600 82 X
20 30000 100 X X
21 39790 130 X
i 22 49500 165 X
i 23 €4500 215 X
24 79500 265 X
25 99900 333 X X
I 26 150000 500 X '
27 199500 665 X
f 28 249000 830 X
| 29 300000 1000 X X
30 405000 1350 X
31 495000 1650 X
i 32 750000 2500 X
X X

l 33 999900 3333

60
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a) Specimen #31 -~ 2024-T4 Aluminum Thermal Coff. = 12.9 ppM/°F 3

b) Specimen #32 - 316 Stainless Steel Thermal Coff. = 8.8 PPM/°F

Figure 30 shows the dimensions for each specimen; specimen
dimensions were tailored to give 50% the volume of stainless steel for

aluminum. This produced approximately the same heating and cooling rate
for each specimen.

2. 543 Instrumentation

The aluminum specimen (#31) was instrumented with six FM
fatigue sensors, two FDA fatigue sensors, two TG temperature sensors, and
one thermocouple. The stainless steel specimen (#32) was instrumented
with four FDA fatigue sensors, two TG temperature sensors, and one
thermocouple. The location and identification of all instrumentation
are shown by Figures 31 and 32.

2.5.4 Data Collection System

The data collection system described for the constant
amplitude tests (see 2.1.4) was used for the temperature induced cycle
test. Lead wires from the specimens were routed through the wall of
the environment chamber to the data collection panel (Figure 23 V.
Thermocouples were read with a portable pyrometer potentiometer.

226505 Tests Loads

Test loads consisted of 50 strain cycles induced by tempera-
ture (no mechanical strain applied). Each temperature cycle was an
excursion from +150°F to -50°F with 50°F used as a starting and ending
point for each cycle (Figure 33 ). The following temperature stability
criteria were met at each temperature peak of the cycle before changing
to the opposite temperature peak:

a) Specimen temperature was *2°F of target temperature
(#150°F, -50°F).

b) Resistance of all strain gage/fatigue sensor elements
was stable within 0.003 ohms for ten minutes.

The temperature change rate was limited to 20°F/minute in
transition between maximum and minimum temperatures.

Temperature cycles were applied by the environment chamber
used for other temperature tests (reference section 2.2 and 2.3).

jPPM/’F -~ Parts per million per degree for thermal coefficient of linear
expansion.
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SPECIMEN NO. 31

2024-T3 ALUMINUM PLATE
THERMAL EXPANSION COEFFICIENT =
12.9 PPM

SPECIMEN NO. 32

316 STAINLESS STEEL PLATE
THERMAL EXPANSION COEFFICIENT =
8.8 PPM

Figure 30 Specimen Configuration For
Temperature Induced Cycle Test
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TABLE 16 INDUCED TEMP CYCLE DATA COLLECTION SCHEDULE
Data Required
Applied Induced
Read Temp Sensor Strain
No. Cycles Response Cycle
0 0 X X
1 5 X X
2 10 X X
3 15 X
4 20 X
5 25 X X
6 30 X
7 40 X
8 50 X X
150°F

S0°F,

Figure 33

& DATA COLLECTION POINTS

50°F

Temp I'nduced Strain Cycle Data Collection Points
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2.5.6 Test Data Collected

Two types of test data were collected:

a) Sensor response data.

b) Induced (apparent) strain cycle.

2,5.6.1 Sensor Response Data

These data were collected per the schedule of Table 16 with
additional readings taken as deemed appropriate by test personnel. All
sensor response data were collected at 50°F #2°F., The stability criteria
of paragraph 2.5.5 were met at 50°F before sensor data were collected.
The following data were recorded for each reading:

1. Sensor resistance, compensated (half bridge with
compensating strain gage, readout = ohms).

2. Resistance of individual strain gage and fatigue semnsor
elements (readout = ohms).

3. Specimen temperature indicated by devices installed on
the specimen.

4. Environment chamber temperature.

5. Supporting data (test conditions, personnel, identifi-
cation).

2.5.6.2 Induced Strain Cycle Data

Induced strain cycle data were collected per the schedule of
Table 16. Data were collected at five points of the temperature cycle
as illustrated by Figure 33, The stability criteria of paragraph 2.5.5
were met at each data collection point. The following data were required
for each reading:

1. Sensor resistance, compensated (half bridge with
compensating strain gage, readout = ohms).

2. Strain indicated for individual strain gage and fatigue
sensor elements of the fatigue sensor (readout = micro-
strain).

3. Specimen temperature indicated by devices installed on
specimen.
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4. Environment chamber temperature.

5. Supporting data (test conditions, personnel, identifi-
cation).

2.5.7 Data Collection Schedule

Sensor regponse data and induced strain cycle data were
collected per Table 16.

2.i51.18 Test Operation

The two specimens were placed in the environment chamber with
no mechanical restraint (similar to ambient temperature specimen in
Figure 25 ). Temperature cycles were applied using th¢ mechanical cam
operatjon mode of the environment chamber. Test data were collected per
Table 16,

The temperature time history of the environment chamber was
monitored by a 24 hour circular chart recorder (see Figure 26 ),
Temperature cycle application was monitored to assure that the stability
and transition rate criteria of paragraph 2,5.5 were met.

2.6 CREEP TEST
2.6.1 Introduction

Specimen #29 was subjected to a static load of 1000 ue for
a 24 hour time period at room temperature (this test was accomplished
after cyclic temperature tests were complete, section 2.2)., Specimen
fatigue sensors and strain gages were monitored periodically during
this time period. The static load was removed after 24 hours and fatigue
sensors and strain gages were monitored an additional 24 hours.

2.6,2 Test Setup

Specimen #29 was installed in the MIS machine hanging from
the upper loading fixture as shown by Figure 34. A welght pan was
installed on the lower end of the specimen (Figure 35 ). The weight
pan was loaded with lead weights to provide the target static strain

, (1060 ue).
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2.6.3

2.6.4

Data Collection System

The data collection system described for the cycle temperature ‘
tests was used for this test (see 2.2.4).

Test Operation

The folluwing procedure was followed:

a)

b)

c)

d)

e)

Zero readings were taken for fatigue sensors and strain
gages in the unloaded condition.

A 1000 1b static load was applied.

Fatigue sensors and strain gages were read per the
schedule of Table 17 with the static load applied.

The static load was removed after 24 hours application.

Fatigue semsors and strain gages were read per the schedule
of Table 17 with the static load removed.
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TABLE 17 CREEP TEST DATA COLLECTION SCHEDULE

| READING TIME _ LOAD
: NO (HOURS ) CONDITION
+
: 0 0
: ] 0.25
! 2 0.50
3 0.75
4 1.00 1000#
Y 5 1.50 LOAD
6 2.00 APPLIED
7 3.00
i 8 4.00
9 5.00
10 6.00
1 7.00
12 8.00
13 24..00
14 2400
15 24.25
16 24.50
17 24.75
18 25.00
19 25.50 10004
21 27.00 REMOVED
22 28.00
oW 29.00
% 30.00
g% 31.00
il 32.00
27 28.00 -
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SECTION III
STRAIN CYCLE RESPONSE

3.1 INTRODUCTION

Basic fatigue sensor response to alternating strain is
developed using data from six constant amplitude specimens cycled about
zero mean strain (fully reversed cycles). These same data are used to
evaluate fatigue sensor repeatability and data scatter. In addition,
the failure mode of fatigue sensors subjected to constant amplitude
cycling is presented.

3.2 DATA ANALYSES

3.2.1 Data Parameters

The data parameters required for analysis of fatigue sensor
response to strain cycles are:

a) Resistance change (AR)
b) Number of applied cycles
c) Alternating strain

These data parameters were derived for constant amplitude
specimens #1 thru #5 and #33 from raw test data (a sample of raw test
data is presented by Appendix F). The calculated resistance change and
number of applied cycles, for the six zero mean specimens, are presented
by Tables 22 thru 27 ; these data are plotted in Figures 39 thru 44 .

The fatigue sensor alternating strain is calculated from an
average of data collected during static load cycles.of each specimen
(see paragraph 2.1.6.2). A sample of the load cycle calculations for
specimen #6 are presented by Appendix F; the alternating strain values
indicated by the FM fatigue sensor strain gage element were averaged to
provide an alternating strain for data analysis.

The average alternating strain was calculated using a
three step iteration to eliminate data exceeding a #2% deviation
from the average (tolerance set for high confidence in resulting
average). Initially, all alternating strain values for a particular
sensor (maximum of 9) were averaged (data for sensors in process of
failure not included). Data which exceeded t50% of the average were
eliminated and a new average was calculated. This process was repeated
for tolerances of #10% and *2%. The final average alternating strains
are presented by Table 28 (table includes all constant amplitude
specimens). The alternating strain data were found to be consistent;
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over 80% of the data were within #2% of the calculated average. (Note:
Average mean strain data for specimens #6 thru #23 are calculated using
the same process as outlined for average alternating strain and are
included in Table 28 , see Section IV).

V0 6 72 Data Cross Plot

A cross plot of test data parameters was used to develop
fatigue sensor calibration response (resistance change versus applied
cycles). The cross plot was utilized to display a family of applied
cycles curves (constant for all specimens) with AR plotted versus
average alternating strain. Figure 36 shows the cross plotted data
for the six zero mean strain specimens (thirty-five fatigue sensors
operating at twenty levels of alternating strain). Note: Only nine
of thirty-three curves plotted are shown by Figure 36 for clarity.

3192883 Curve Fit

A least squares curve fit of cross plotted data was
accomplished as a final step in developing calibration response.
Figure 36 shows the final curve fit of plotted test data. A computer
program was developed to group test data and apply the least squares
curve fit technique; the program calculated a second order equation
which best fit the grouping of data points and calculated the total
deviation of data points from that equation. For the majority of curves,
several groupings of points and equations were required to cover the
total curve, i.e. one second order equation would not fit the entire
curve. The computer program also produced a table of plotting points
based on the equation(s) generated by the least squares curve fit. A
value of AR was given for each of the selected levels of alternmating
strain from 1000 to 6000 pe. A sample printout of the least squares
computer program is presented by Appendix D (curve fit of 100 cycle
cross plot data, Figure 36).

3.2.4 Calibration Data

The final curve fit plotting points (see Table D-1) from
the cross plot were used to form Table 18 which presents basic fatigue
sensor response data. These data were plotted to form "Plot C"
calibration curves shown in Figure 37 . Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>